The potential for the use of the polymerase chain reaction (PCR) in detecting epizootic hemorrhagic disease virus (EHDV) ribonucleic acid in cell cultures and clinical samples was studied. Using oligoribonucleotide primers selected from genome segment 6 of EHDV-2 (Alberta strain), the PCR-based assay resulted in a 387base pair (bp) PCR product. EHDV RNA from US prototype serotypes 1 and 2 and a number of EHDV field isolates, propagated in cell cultures, were detected by this EHDV PCR-based assay. Amplification products were visualized on ethidium bromide-stained agarose gels or detected by chemiluminescent hybridization. The sensitivity of the PCR assay was 100 fg of virus RNA (equivalent to 6 x 10 3 virus particles) with ethidium bromide-stained agarose gels. Chemiluminescent hybridization increased the sensitivity of the PCR assay 1,000 times, and specific signals were detected from 0.1 fg of virus RNA (equivalent to 6 virus particles). Amplification product was not detected when the PCR-based assay was applied to RNA from the US bluetongue (BT) virus prototype serotypes 2, 10, 11, 13, and 17 or total nucleic acid extracts from uninfected baby hamster kidney-21 cells, Vero cells, and blood cells from deer that were EHDV seronegative and virus isolation negative. Application of this EHDV PCR-based assay to clinical samples resulted in detection of EHDV RNA from blood and spleen samples from a deer in California with clinical hemorrhagic disease. This EHDV PCR-based assay could provide a rapid, sensitive, and specific assay for detection of EHDV infection in susceptible ruminants. Epizootic hemorrhagic disease virus (EHDV) is an orbiviruses. 19 The problems associated with the use of insect-transmitted double-stranded (ds) RNA orbivithe AGID test have been solved by using monoclonal rus of the family Reoviridae and is related to blueantibodies in a competitive enzyme-linked immunotongue (BT) virus. 4,7 EHDV causes an often fatal hemsorbent assay. However, this technique is applicable orrhagic disease with high mortality in white-tailed only to blood and requires at least 14 days postinfec-
deer (Odocoileus virginianus) 5,12,17,12'22 and a BT-like tion for the production of anti-EHDV antibodies by disease in cattle. 14 In sheep, EHDV infection is subthe susceptible host. 1 The virus isolation is time conclinical. However, viremia in EHDV-infected sheep is suming, labor intensive, and expensive. To address well documented, providing virus for insect transmisthese problems, serogroup-specific 15, 25, 27 and serotypesion to more susceptible ruminants. 8 There are 10 sespecific 27 complementary DNA (cDNA) probes derotypes of EHDV worldwide, which are differentiated rived from different EHDV genome segments have by neutralization and plaque inhibition tests. 9 In the been developed. However, the minimum amount of United States, EHDV serotypes 1 and 2 are EHDV RNA that these cDNA probes could detect with enzootic 12, 21, 22 and are of concern to wildlife managers dot-blot hybridization was in the nanogram range. 27 because of clinical disease in populations of white-This low sensitivity of the recombinant DNA probes tailed deer. In addition, international movement of limits their application for direct detection of virus livestock and/or their germplasm may be restricted if nucleic acid sequence present in very low amounts in the animals are EHDV seropositive. 24 biological specimens. Recently, application of poly-Diagnostic methods currently applied for EHDV inmerase chain reaction (PCR) amplification technology fection include serology and virus isolation. Serology has resulted in highly sensitive detection of BT virus, is useful in epidemiologic studies to identify previous an orbivirus related to EHDV, in cell cultures and infection with EHDV. The agar gel immunodiffusion clinical samples. 2, 3, 26 The development of a rapid, sen-(AGID) test, currently used as a standard serologic test, sitive, and specific PCR assay for the detection of EHDV is complicated by cross-reactions between non-EHDV would greatly facilitate clinical disease investigations and epizootiologic investigation and would promote In the present study, we described a reproducible, sen-Received for publication July 23, 1993. sitive, and specific assay for detection of EHDV se-rogroup in cell culture and clinical specimens using PCR technology.
Materials and methods
Virus and cells. The 2 prototype strains of EHDV present in the United States (EHDV-l and EHDV-2), a 9 EHDV field isolates b 2 of which were isolated in our laboratory, and the 5 BT virus prototype serotypes 2, 10, 11, 13, and 17 a present in the United States were studied. The viruses were isolated and processed as described previously. 6 The EHDV prototypes and the field isolates were propagated on confluent monolayers of baby hamster kidney (BHK)-21 cells, and the BT virus prototypes were propagated on confluent monolayers of Vero cells. The infectious material was harvested and centrifuged at 1,500 x g for 30 min, and the cell pellet was used for the dsRNA extraction.
Viral nucleic acid extraction from infected cell monolayers. The EHDV and the BT dsRNA were extracted from the infected cells as previously described. 6 The infected cell pellet was resuspended in a buffer containing 0.1 M NaAc and 10% sodium dodecyl sulfate (SDS) and extracted twice with phenol and water-saturated ether. Total nucleic acid was ethanol precipitated. Viral dsRNA was purified by differential lithium chloride precipitation, resuspended in 50 µl double-distilled water, and quantified using a spectrophotometer at 260nm wavelength.
Clinical samples. Samples of blood were collected in heparinized vacutainer tubes from clinically normal deer and from a deer with clinical hemorrhagic disease. In addition, a spleen sample was collected at necropsy from the deer with clinical disease. The clinical samples were processed as described previously. 3 The heparinized blood was washed 3 times in phosphate-buffered saline, and the blood was lysed in a volume of 2 mM Tris, pH 8.0. A sample of the spleen was homogenized 1:10 w/v in minimal essential medium, c and cell debris was removed by centrifugation at 1,500 x g for 20 min. The processed blood and the spleen homogenate were inoculated on BHK-21 cell monolayers for virus isolation and typing by plaque inhibition test. 23 The remaining lysed blood and the spleen homogenate were stored at 4 C for further analysis by PCR.
Viral nucleic acid was extracted from the clinical samples as previously described. 3 Two hundred fifty microliters of processed blood or spleen was digested with SDS and proteinase K d The sample was extracted with phenol twice. Total nucleic acid was precipitated with ethanol and resuspended in 20 µl double-distilled water; 5 µl of the resuspended nucleic acid was used in the PCR assay.
Primer selection and synthesis of the probe. Primers (20mer each) were selected from the published sequence of genome segment 6 of EHDV-2 (Alberta strain) 16 and used in these PCR assays. Primers 1 and 2 (P1 and P2) were selected for the synthesis of specific EHDV PCR product. P1 included bases 175-194 of the positive-sense strand of genome segment 6:(5')-TCGAAGAGGTGATGAATCGC-(3'). P2 included bases 543-562 of the complementary strand: (5')-TCATCTACTGCATCTGGCTG-(3'). EHDV PCR using primers P1 and P2 would result in a 387-bp product. For synthesis of a probe complementary to the predicted ampli-fied viral sequences generated by P1 and P2, oligonucleotide primers (P3 and P4) were selected from the same published sequence. P3 and P4 were internal to the annealing sites of P1 and P2. P3 consisted of bases 216-235 of the positive strand: (5')-CATGCGGCATATAGATTGGC-(3'). P4 was designed from the complementary strand between bases 421 and 440: (5')-GTCATCTAGCACGATGCGTG-(3'). PCR amplification using P3 and P4 would result in a 224-bp PCR product internal to the annealing sites of P1 and P2. All primers were synthesized on a DNA synthesizer e and purified using oligo-pak oligonucleotide purification columns f as per the manufacturer's instructions. The amplification product produced by P3 and P4 was purified using DNA binding beads g according to the manufacturer's instructions and used as a probe for chemiluminescent hybridization.
Polymerase chain reaction. The PCR protocol used in this study was basically as previously described 2,3 except that 5.0 U/µl of Taq polymerase h was used for each reaction. The thermal cycling profiles were as follows: a 2-min incubation at 95 C; followed by 40 cycles of 95 C for 1 min, 55 C for 30 sec, and 72 C for 45 sec; and a final incubation at 60 C for 7 min. Reactions were performed in a Techne PHC-2 thermal cycler. i Following amplification, 20 µl from each PCR reaction containing amplified product were loaded onto 2% SeaKem agarose j and electrophoresed. The gels were stained with ethidium bromide, and the specific 387-bp PCR products were visualized under ultraviolet (UV) light.
Southern blot hybridization. Southern blot hybridizations were performed basically as previously described 3 with slight modification. Agarose gels from PCR reactions were denatured, neutralized, and transferred to nylon membranes k under vacuum at 50 mm Hg. 1 Southern blotted nucleic acid was UV cross-linked to the nylon membrane. Chemiluminescent hybridization was performed using a kit m according to the manufacturer's instructions. The probe prepared by PCR was labeled with peroxidase in the presence of glutaraldehyde. Southern blots were prehybridized with hybridization buffer containing 5% blocking agent and 0.85 M NaCl at 42 C for 1 hr. The labeled probe was added to the hybridization buffer, and the membranes were hybridized at 42 C for at least 12 hr. After posthybridization washing, detection reagents were applied to the membranes for 1 min. The membranes were then wrapped in plastic wrap and exposed to x-ray film for l-60 min with an intensifying screen.
Results
The described PCR-based assay allowed sensitive and specific detection of all EHDV prototype serotypes 1 and 2 and field isolates used in this study. The specific 387-bp PCR product was visualized on ethidium bromide-stained gels from 1100 fg RNA of US EHDV prototype serotypes 1 and 2 ( Fig. 1 A) , whereas Southern blot with chemiluminescent hybridization detected 0.1 fg of EHDV RNA target (Fig. 1B) . The signal was faint at the concentration of 0.1 fg of EHDV RNA but visible. Using 1 pg of EHDV RNA target, the 387.bp specific PCR products were detected in the 9 EHDV field isolates with both ethidium bromide-stained aga- rose gels ( Fig. 2A ) and chemiluminescent hybridization (Fig. 2B) . The 1.0 ng RNA from the US BT virus prototype serotypes 2, 10, 11, 13, and 17 and total nucleic acid extracts from uninfected BHK-21 cells and Vero cells failed to demonstrate PCR products (Fig.  3) .
With chemiluminescent hybridization, the specific PCR product was detected directly from unfractionated lysed blood from a deer with clinical hemorrhagic disease, from BHK-21 cell monolayers infected with the same unfractionated lysed blood, and directly from spleen homogenate of the same deer. Blood samples from uninfected deer failed to produce hybridization signals (Fig. 4) . EHDV was isolated on BHK-21 cell monolayers from the spleen homogenate but not from the unfractionated lysed blood of the deer with clinical disease. The isolate was identified as EHDV serotype 2 by plaque inhibition test.
Discussion
The described EHDV PCR assay using primers derived from segment 6 of EHDV, which codes for nonstructural protein 1 (NS1), 13 reproducibly and specifically detected EHDV RNA in infected cell cultures and clinical samples. Selection of the primers was based on the observation that the NS1 genome-specific probe B Figure 2 . Sensitivity of PCR for 9 field isolates of EHDV. A. Visualization of the 387-bp specific EHDV PCR product on ethidium bromide-stained agarose gel from 1.0 pg of RNA of the 9 different isolates. Lane MW: molecular weight marker. Lanes 1-9: EHDV field isolates. B. Southern blot of the above gel with chemiluminescent hybridization.
requires a smaller number of infected cells to produce a positive hybridization signal than do other nucleic acid probes. 25 The specific 387-bp PCR products, visualized on ethidium bromide-stained agarose gels or detected with chemiluminescent hybridization, were obtained from all EHDV RNA samples tested. The EHDV PCR assay was a simple procedure that efficiently detected all EHDV strains under the stringency condition used in this study. The PCR assay was easier than other molecular techniques, many of which are lengthy and cumbersome. 10, 25, 27 The sensitivity studies indicated that the described PCR protocol was capable of detecting the amount of 0.1 fg of total EHDV genomic dsRNA. The total molecular mass of the EHDV genome has been calculated Figure 3 . Specificity of the PCR for EHDV, BT virus, or other extracts. Amplification product was not detected from a high concentration of 1.0 ng of BT virus RNA from all US BT prototype viruses or total nucleic acid extracts from BHK-21 cells or Vero cells. Lane MW: molecular weight marker. Lane 3:1 pg EHDV. Lanes 4-8: BT virus prototype serotypes 2, 10, 11, 13, 17, respectively. Lane 9: BHK-21 total nucleic acid extract. Lane 10: Vero cells total nucleic acid extract. Lanes 1 and 2 were blank. to be 11.44 x 10 6 D, and 0.1 fg of EHDV RNA corresponds to 6 virus particles. 11 The EHDV PCR assay with chemiluminescent hybridization was 3.8 x 10 7 times more sensitive than the dot-blot hybridization using EHDV cDNA probe, where at least a few nanograms of the dsRNA are required to produce a positive hybridization signal. 15 The specific 387-bp PCR product was not amplified from a relatively high concentration of 1.0 ng of RNA from the US BT virus prototype serotypes 2, 10, 11, 13, and 17 or from total nucleic acid extracts from cell controls, including BHK-21 cells, Vero cells, and blood cells from uninfected deer under the same stringency conditions. Temperature and time for denaturation, primer annealing, and extension; enzyme and MgCl 2 concentration; and number of cycles of the 3 temperature/time segments were very important for maintaining sensitivity and specificity of the PCR reaction. Forty cycles were used as standard PCR procedure. 18 The time required for amplification was approximately 4 hours.
Excellent correlation of results from ethidium bromide-stained agarose gels and chemiluminescent hybridization was obtained using this EHDV PCR assay. This finding suggests that tentative diagnosis of EHDV infection could be based on visualization of the amplified product on an ethidium bromide-stained agarose gel, which is a simple procedure and requires only 1 hour after amplification. Chemiluminescence is necessary to confirm the specificity of the amplified product and to increase the sensitivity of the PCR assay, particularly when the concentration of the EHDV RNA in the sample is < 100 fg. This level is below the sensitivity limit of the ethidium bromide-stained agarose gel procedure. The time required for chemiluminescent hybridization was 16 hours. Successful amplification was also obtained from clinical samples of whole blood and spleen from a deer with clinical hemorrhagic disease, and EHDV was isolated from the spleen of this deer. Thus, the described PCR protocol can detect EHDV in biological samples received from naturally infected deer. Sample preparation was a simple procedure involving washing of the blood to remove heparin, lysis of the blood cells, and phenol extraction to remove porphyrins from the blood, which are inhibitory to the PCR reaction. 18 EHDV was isolated on BHK-21 cell monolayers from spleen homogenate but not from whole lysed blood of the infected deer. The isolate was typed as EHDV-2 by plaque inhibition test.23 There is no information available on the ratio of EHDV infectious units to virus particles. Six virus particles are probably necessary to produce hybridization signal by the chemiluminescent hybridization method. This number of particles may represent < 1 infectious unit of EHDV and may be the reason for PCR-positive and virus isolation-negative results of the blood sample from the deer with clinical disease. The higher viral titer in the spleen than the peripheral blood could be due to replication of the EHDV in the lymphoid tissues of the infected animal or to the concentration of erythrocytes and lymphoid cells in this organ. In experimental BT virus infection of sheep, by 4 days postinfection the virus was present in higher concentration in the spleen than in any other tissue and the BT virus was not isolated from the blood. 20 The EHDV PCR can replace the need for the lengthy cumbersome virus isolation procedures. The time required from sample submission to interpretation of the final results was consistently 50 consecutive hours, which is less than 3 working days. The rapidity, sensitivity, and specificity of the PCR assay would greatly facilitate detection of EHDV infection in an outbreak among susceptible ruminants. Because the EHDV PCR assay is an extremely sensitive procedure, care must be taken to avoid cross-contamination between tubes during pipetting of reagents. Negative and positive controls should be included in each PCR reaction to estimate the lower limit of specificity and the higher limit of sensitivity. In this study, of the 10 serotypes of EHDV, we validated the detection of EHDV serotypes 1 and 2 by the PCR-based assay. The described PCR assay will probably detect the remaining serotypes of the EHDV serogroup; however, additional research is necessary to confirm that assumption.
Further studies are currently under way to determine the ability of the described PCR assay to detect EHDV in experimentally and naturally infected animals and to evaluate its potential as a sensitive and specific diagnostic assay through comparison with current diagnostic tests used for EHDV infection. erative agreement USDA 12-34-93-0234-CA; and the USDA/ CSRS Animal Health and Disease 1433 program.
